INTRODUCTION ills 1)aper discusses the factors which
govern the intelligibility of speech soun(ls and t)resents relationships for expre,ssing quantitatively, in terms of the fundamental characteristics of speech and hearing, the capability of the ear in recognizing these sounds. The relationships are based on studies of speech and hearing which have been carried on at Bell Telephone Laboratories over a number of years. The results of these studies have in large measure already been published. The formulation of the results into relationships for expressing speech intelligibility,' which has also been in progress for a number of years, has not been previously published. The purpose of this paper is to bring the relationships and basic data together into one report.
Speech consists of a succession of souil(ls varying rapidly from instant to instant in intensity and frequency. Assuming that the various components are received by the ear in their initial order and spacing in.time, the success of the listener in recognizing and interpreting these sounds depends upon their intensity in his ear and the intensity of unwanted sounds that may reasons for such a procedure are indicated briefly below and in more detail in a paper by W. H. Martin. 4 The intensity of the speech received by the ear at each frequency depends on the intensity of the original speech sounds, the position of the mouth of the talker with respect to the microphone, the efficiency at each frequency of the latter in converting to electrical form the speech sounds which reach it, the transmission characteristics of the circuit intervening between the microphone and receiver, the efficiency of the latter in reconverting the speech waves to acoustical form and finally the coupling between the receiver and the ear. It is important to note that those items which are under the control of the user are subject to large variations. For example, there are large natural differences between the intensities of the same sounds spoken by different people or by the same people at different times. In addition, a person tentIs to adjust the output of his voice in part by the loudness with which he hears his own speech and the incoming speech, both being functions of the response characteristics of the communication system employed. Unwanted sounds in the ear have a masking effect on speech and constitute another major variable. They may arise from electrical disturbances originating within or without the communication system or from ambient noise. The latter may reach the ear by several paths: (1) by leakage between the receiver cap and the ear, or directly when loud speakers are used; (2) by being picked up by the microphone at the listening location and transmitted to the local receiver by sidetone; and (3) by transmission from the distaJnt microphone.
Summarizing, it can be seen that the speech and noise received by a listener are the net result of a large number of factors of which several different types can be discerned: (1) the basic characteristics of speech and hearing, (2) the instruments and circuits intervening between talker and listener, (3) the conditions under which communication takes place, and (4) the behavior of the talker and listener as modified by the characteristics of the communication system and by the conditions under which it is used.
By expressing the intelligibility relationships in terms of the intensities of speech and noise in the ear of the listener, the complicating factors discussed in the previous paragraphs do not appear explicitly in the relations. They appear only when the speech and noise intensities in the listener's ear are required in order to apply the relat. ionships to the solution of a particular problem. There is also the question of the effect of variations in the acuity of hearing of the listeners. The relationships presented here apply specifically to young men and women who have good hearing but in general, as discussed later, their field of application is broader than this.
There are a set of consistent and well-defined concepts which underlie the intelligibility relationships. As these may be lost sight of in the details of formulation given in the succeeding pages, they are summarized briefly in the next section.
BASIC CONCEPTS
The intelligibility of the received speech sounds is related to a quantity which has been called the articulation index and designated A. It is a quantity such that increments AA carried by increments af of the speech frequency range may be added together to obtain the total A. The maximum possible value of A is assigned a value of unity; the minimum value is zero.
Any increment af of the speech frequency range may at best carry a maximum value of AA designated as aAm. When conditions are not optimum for hearing speech in the increment af, this increment contributes only a fractional amount W of its maximum, or zXA' W-aAm. For convenience in making computations, the frequency range may be divided into twenty bands whose frequency limits are so chosen that the aAm of each band is 0.05, i.e., one-twentieth of the articulation index of the full band under optimum conditions. The general procedure for computing articulation index involves the determination of a value of W for each of the twenty bands, the addition of these twenty values of W and the division of this sum by twenty.
The particular value of W for any one band of speech depends upon a quantity E called the effective sensation level of the band in the ear of the listener, which is simply the sensation level of the band minus the total masking. The sensation level of a speech band is the attenuation needed to reduce the band to the threshold of hearing in the absence of noise and is determined from the intensities of the speech components within the band at the ear of the listener and the acuity of hearing. The total masking is the shift in threshold due to the presence of noise and is the resultant of three kinds of masking' (a) residual masking due to components of preceding speech sounds within the band, (b) interband masking due to speech components in adjacent bands, and (c) masking from extraneous noise components. The factor W is equal to the fraction of •th second time intervals in which the speech intensity in the particular band is of sufficient intensity to be heard. Stated differently, it is the fraction of these intervals in which the speech intensity in a band exceeds the intensity which corresponds to an effective sensation level of 0 db.
In this paper the relationship between AA• and af is obtained empirically from the results of articulation tests on appropriate high pass and low pass filter systems. However, Mr. R. H. Galt has shown, in an unpublished memorandum, that this relationship can be derived from data on the differential pitch sensitivity of the ear. This suggests that the articulation index has a more fundamental significance than might be indicated by its empirical derivation. 5
Although the response characteristics of a telephone system and its component parts do not enter explicitly into the articulation relationships, they are required in applications of the latter to particular problems. To serve the desired purpose the basic speech, noise, and hearing data and the over-all response of the telephone system must be so specified that they can be combined to obtain intensities received in the listener's ear. alone on physical measurements of microphone, circuit, and receiver apart from voice and ear. It should include the effects of using real voices and ears. The methods of expressing response characteristics and the characteristics of speech and hearing which underlie the articulation index relationships, are essentially interdependent. Consequently, these subjects are discussed in the following two sections prior to the derivation and detailed discussion of the articulation index relations.
The following are the principal symbols used in this paper. A number of the symbols represent intensity levels; these are in db above 10 -•ø watt/cm 2. (Fig. 2) Figure 1 shows the results of several sets of measurements of the intensity of speech as a function of frequency. Curve A represents the average spectrum of four men and four women members of the testing crew used in carrying out the last extensive program of fundamental articulation tests. The spectrum is at a point two inches directly in front of the lips and is expressed in terms of the long time average intensity per cycle, in db relative to 10 -•ø watt/cm 2. Curves B and C are the spectra given for six men and five women in Fig. 10 of a paper by Dunn and White. ø In the present paper the latter spectra have been shifted to change from 30 cm, the point of measurement, to the 2-inch position at which curve A applies. In order to provide a better basis for comparing shapes, the curve for the women has been shifted upward an additional 3 db because their total power was that much less than the men's.
It will be observed that there is an appreciable difference between the shapes of the Dunn and White spectra and the spectrum of the articulation testing crew. Because of the long interval (several years) between the two sets of measurements, it has been impracticable to determine whether the differences are real or result from one or more of the numerous differences in the testing arrangements and procedures. In view of this and the substantial differences which may exist between the spectra of individual voices, the smoothed and somewhat arbitrary compromise spectrum of Fig. 2 has been adopted for use in this paper. For reasons which will appear later, this spectrum is given at a distance of one meter from the lips. The intensity of this spectrum, integrated over the entire frequency range, amounts to 65 db relative to 10 -16 watt/cm 'ø. The corresponding figure at 2 inches from the lips, which is a more accurate point of measurement, is 90 db. If the speech level of a speaker having this idealized spectrum were measured by a sound level meter, 7 using flat weighting, with the microphone at 2 inches from the lips, the observed level would be about 3 db higher than the integrated value or around 93 db. This difference would occur because readings of rapidly varying material tend to be taken on the frequent peaks. With 40 db weighting the observed level should be close to the integrated level or 90 db.
Level Distribution of Speech
The spectra of speech which have just been discussed represent the average intensity over an appreciable period of time. From moment to moment the intensity of speech fluctuates rapidly above and below this average curve giving rise, at any frequency, to a level distribution of speech as a function of time. This distribution is one of the factors affecting the intelligibility of speech and consequently enters into the relationships presented later. In Fig. 3 The same paper shows a similar set of data for women's voices. These charts show the distribution of i second intervals (roughly the duration of a syllable) with respect to the r.m.s. pressure measured during these intervals in the frequency bands indicated along the abscissa. The differences between levels which are exceeded by 1 percent and 50 percent of the intervals in the bands are shown in Table I for both the men and women talkers. It can be inferred from this table that the range over which the speech intensity fluctuates and the relative occurrence of intervals of different intensities are roughly the same for all bands and for both men and women. Taking all the bands to be alike in these respects results in certain simplifications of the relationships which are presented.
To determine the actual form of the speech level distribution, the data taken with male voices and the 1000-1400 cycle band have been used. 250-500  12 db  15 db  5OO-7OO  18  18  700-1000  2l  21  1000-1400  20  21  1400-2000  19  21  2000-2800  18  20  2800-4000  18 The effect of one-rs. two-ear listening on K was determined by adjusting the levels of single frequency tones until they could just be heard in the presence of a noise of the continuous spectrum type. This was done alternately with one-and twoear listening, while maintaining the same noise level for both conditions. These tests showed that higher tone levels relative to the noise levels were required when listening with one ear as compared to two. These differences, which will be shown to represent the differences in K for the two conditions are indicated by Fig. 9 (B). It will be seen that a single curve represents these masking data and also the audibility data of Fig. 9(A) . That the 
RESPONSE CHARACTERISTICS
An over-all response which has been called "orthotelephonic TM response" is used for applying the information of the preceding section to the derivation of the intensity of speech received over a communication system. This response may be thought of as a usage response, in that it includes the effects on the received speech of distance and coupling between the microphone and the speaker's mouth and the coupling of the receiver to the ear. By definition a telephone system has an orthotelephonic response of zero db at all frequencies when it can be replaced by a onemeter air path, between talker and listener, without changing the loudness of the received speech at any frequency. The speaker and listener face each other in an otherwise unobstructed sound field. Listening to the sound over the air path is done with either one or two ears, depending upon whether one or both ears are used with the communication system. A telephone system having the above characteristics is designated as an orthotelephonic system. It is convenient to specify the output of such a system, at any frequency, in terms of the intensity, at the same frequency, of the speech received over the air system, but measured before insertion of the listener's head into the sound field. As a result, the speech received over an orthotelephonic system is identical to that received over the air system in loudness and intensity when the talker speaks at the same level in both cases. Specifying the intensity of the received speech in this manner is in conformity with the manner of expressing the zero and 120-db loudness contours discussed in the previous section.
If a telephone system, which is not an orthotelephonic system, has an orthotelephonic response of R db at any frequency, this means that the speech received over an orthotelephonic system, at the same frequency, must be raised R db in intensity to be as loud as that heard over the telephone system in question. Thus the intensity level of speech received over a telephone system at any frequency is the sum of the intensity level of speech at one meter from the lips and the orthotelephonic response of the system.
In general, a person will talk at a different level than that corresponding to the idealized spectrum of The above information can be combined into the following equation for computing the intensity levels of received speech: rained with speech delivered by a telephone receiver. It is equally important to note that the intensity level of received noise B, discussed previously, is also expressed in the same terms.
In concluding this section it may be in order to bring out some of the practical aspects of the problem of obtaining the orthotelephonic response of a telephone system. The over-all response is not usually measured as a whole in accordance with the above description but is derived from separate measurements of the response of microphone, electrical circuit, and receiver. The circuit responses are derived from purely physical measurements using single frequency tones. The real ear responses of receivers are also determined with single frequency tones by balancing t•he tone heard in the receiver against a comparison tone of the same frequency transmitted over a one-meter air path. The intensity of the output of the receiver is specified, exactly as described above, in terms of the intensity of the 'comparison tone, measured in the free sound field. The input to the receiver is measured in any suitable terms which will combine properly with the measurements of circuit response up to the receiver. Receiver measurements made in this way are usually accompanied by purely objective measurements, using mechanical couplers for example, from which conversion factors are obtained which do away with the need for further real ear measurements on other receivers of the same type. The real voice response of a linear microphone can be obtained from two sets of measurements.
In one, a person speaks into the microphone, taking whatever position with respect to it that AND J. c. STEINBERG is regarded as typical, while measurements are made of the output of the microphone in narrow frequency bands throughout the entire frequency range. In the other, a similar analysis is made of the speech intensity near the lips of the speaker, usually at two inches, the microphone having been removed from the sound field. These latter speech intensities, or these intensities reduced to one meter from the lips, are taken as the input to the microphone. Supplementing these measurements by objective response measurements using, for example, single frequency tones and an artificial voice, provides conversion factors which enable real voice responses of other microphones of the same type to be derived from purely objective measurements. These conversion factors allow for the interaction effects and distance losses between the artificial source and microphone relative to these effects between a real voice and the microphone. The application of this metho(t without modification, to non-linear microphones, can give results which may be somewhat in error due to modulation products, generated by the microphone when complex waves of speech are impressed upon it. This may be avoided by a more complicated procedure beyond the scope of this paper to describe. It is also beyond the scope of the paper to go into details concerning the responses needed for determining the levels of noise in the ear. It should be sufficient to point out that the basic noise data and the response of each separate path by which noise can enter the ear should be so coordinated and expressed that they can be combined to give the noise intensity in the ear in the same terms as the received speech. tests on low pass filters having the indicated cut-off frequencies.
• Since the full-band system which was used may not be an optimum system for articulation, the articulation index of the speech received over it, which is presumably close to but not necessarily equal to unity at the optimum level, is here designated A0. For this value of articulation index the syllable articulation is that observed for the full-band at a setting of q-10 db, or S=98 percent. It will be noted also from Fig. 12 that the high pass and low pass filter curves for this q-10-db condition intersect at about 1900 cycles; this means that for this particular system half of the articulation index carried by the full-band of received speech is below and half above this fre-ß quency. At the point of intersection the observed value of S was 68 percent and consequently a syllable articulation of 68 percent for this particular testing group corresponds to an articula- applied when the system used was tested at its optimum setting. In fact, the differences between the two curves are so small that it is open to question whether the data are sufficiently precise to justify the above operation in this case. It is believed, however, that the operation will be of interest in the event of additional basic studies of this nature which, caused by the particular characteristics of the circuits which may be employed, may require greater corrections.
The derivative or slope of the curve of Fig. 16 at any frequency shows the importance of that frequency with respect to its maximum possible contribution to articulation index. At any frequency the product of the slope of this curve and the factor W, discussed in the next section, represents the contribution of this frequency to the total articulation index. In general, the levels of speech and noise in the ear, and hence W, will vary sufficiently slowly with frequency to permit the use of a single value of W over a considerable frequency range. For the general run of computations twenty values of W at suitably selected frequencies should be adequate. For this purpose, it is convenient to divide the frequency range into twenty parts or computation bands such that the maximum possible contribution of each band is equal to that of the others and to determine W at the mid-frequency of each band. The limits of the twenty bands chosen in this way are obtained by reading from the continuous curve of Fig. 16 the frequencies corresponding to all the articul.ation indices which are multiples of .05. These band limits are given in Table III. The importance curve of Fig. 16 is based on composite data taken with about equal numbers The absolute placement of the curves applies only to the particular acoustic talking level used in the basic articulation tests. However, the curves can obviously be specified on an absolute basis, if desired, in terms of the absolute intensity of the received speech, by adding to the abscissa the intensity, in each band, of the crew's speech at one meter. Such a group of curves could be used. for computational purposes. A different procedure is followed, however, to obtain a solution which will not only more readily handle problems involving noise but also more clearly bring out the nature of the relationships. The fraction of the maximum possible contribution which a band makes when it is not at an optimum level is designated by W. Curves of W against level would consequently be identical in shape to the curves of Figs. 17-20. It will be noted that these curves are essentially straight lines except in the region where the articulation index is approaching a maximum and that the slopes of the straight line portions are approximately alike and equal to about 3 db for a change of 10 percent in W. This is the same slope that was derived earlier for the level distribution of speech in narrow bands (Fig. 4) . When speech, which is constantly fluctuating in intensity, is reproduced at a sufficiently low level only the occasional portions of highest intensity will be heard, but if the level of reproduction is raised sufficiently even the portions of lowest. intensity will become audible. Thus the similarity in slope of the straight line portions of the W curves and the speech distribution curve suggests that W is equal to the fraction of the i!•tervals of speech in a band that can be heard. It will be noted, of course, that the shapes of the W and speech curves are different in the region where W is approaching zero. Actually the W curves in this region cannot be determined accurately and probably do taper off in much the same manner as the speech level distribution (low portion of curve of Fig. 4) .
As ous spectra sounds. While speech is not rigorously of this type, the spacing of its single frequency components, which are constantly varying up and down the frequency scale, corresponds roughly to the width of the critical bands over which the intensity has to be integrated to obtain a true measure of the sensation which is produced. Therefore, without much loss of accuracy, the same values of K and hence X, which have been determined for sounds having continuous spectra can be applied to speech. Now referring back to Figs. 4 and 17-20 it will be appreciated that there are certain consequences that can be tested if the hypothesis is correct that W is equal to the proportion of the intervals of speech in a band which can be heard. (2) The computed sensation level in each band for the zero point of the twenty AA curves, which are drawn down to the zero point as straight lines, should be 6 db. This results from the shape of the speech level distribution (Fig. 4) Eq. (7). Combining Eqs. (7) and (11) . 10 Here again any differences which may exist between the responses in the two cases are likely to be greatest at low frequencies. In view of these various effects it is believed that the computed absolute levels are sufficiently close to those required by the above hypothesis of the significance of •he W factor, to justify it as a working basis in the formulation of a method for computing the articulation index of received speech. 
Derivation of W•Noisy Conditions
It is apparent that values of W over the range from 0 to about 0.7 can be determined closely, for speech reproduced over linear systems and listened to under quiet conditions, by computing the fractional part of the speech distribution of Fig. 4 which is above threshold. When more than about 70 percent of the speech distribution is above threshold in the absence of noise, an additional factor is included to account for the rounded portion of the/xA curves of Figs. 17-20 , covering values of W in the range from about 0.7 to unity. This part of the curves can be arrived at on the basis of a fatigue effect which may be considered as self-masking. On this basis the hearing of the relatively infrequent low level sounds in a band is considered to be impaired through a temporary loss of sensitivity owing to the preceding sounds of higher level in the same band. This loss of sensitivity will be treated as equivalent to the effect of noise. It is necessary, therefore, to develop relations for noisy conditions before the development for quiet condition can be completed.
If there were no such loss of sensitivity and no other source of masking, and if the speech level distribution is taken to be a straight line, the value of W for any speech band would be given, by the fraction of the speech intervals which have sensation levels above 6 db, or W=(H-6)/30 (12) for sensation levels between 6 and 36 db. To provide a basis for accounting for the gradual tapering off of the twenty/XA curves as W= 1 is approached, and also for evaluating the effects of noise generally, this equation will be rewritten as follows:
W=(E-6)/30, speech in a number of computation bands are less than 12 db, computations can be improved in accuracy by using Eq. (16) and Table V for these particular bands to allow for the departure of the most intense part of the speech level distribution from a straight line (Fig. 4) . Values of rn are given in Table II Values of (B(+)X) relative to X are given by Table VII as a function of (B--X). Outside the range for which values are given, (B(+)X) equals either B or X, depending upon which is the larger.
In the above equations B represents the level above 10 -1ø watt/cm •' of the combined intensity per cycle of all the various noises reaching the ear at any particular frequency. In addition to the usual sources of noise, B includes the noise equivalent in its effect to the self-masking of a band of speech on itself and also the noise equivalent in its effect to the masking of one speech band on another. These are all combined on a power basis and the sum then expressed in db. Self-masking and interband masking are further considered in the following sections.
Derivation of W--Quiet Conditions
It is now possible to consider self-masking and The quantity Q, derived empirically, is given on Fig. 22 as a function of (f,•/fk) . Values of Q for the particular frequency bands of Table III 
In cases where very high levels of speech are necessary to ride over excessive levels of noise, and the response of the communication system contains sharp peaks or dips, interband masking may be appreciably larger than these formulas indicate.
Summary of Relationships--Linear Systems
If the speech frequency range is subdivided, for computational purposes, into twenty bands having the frequency limits of Table III, 
The symbol (q-), between two terms expressed in db, indicates that they are to be combined on a power basis and then reconverted to db. This is the basic equation The quantity Bs is the level, in db rs. 10 -•ø watt/cm =, of the long average intensity per cycle of the received speech, the intensity being expressed as a free field intensity in the manner described in Section 4. B is a similar quantity but applies to the total noise per cycle received from all sources. The value of p is ordinarily taken as 12 db at all frequencies. X is a function of frequency only; its values are given in Table  VI . Values of (B(+)X) relative to X are given in Table VII 
where ha' is the intensity level, at the appropriate frequency, of the idealized speech spectrum of Fig. 2 , values of which are tabulated in Table  VI While the computational method which has been described was derived from syllable articulation tests, it is possible to interpret the resulting index in terms of subjective measures which use words or sentences. For this purpose it is only necessary, with a particular testing crew, to make subjective tests of the desired character under a variety of conditions where all the required data on the circuits, the speech spectrum, combinations which form actual words. This requires some effort. It seems probable that the relatively flat portion of the sentence curve is accompanied by an appreciable change of effort.
APPLICATIONS--ILLUSTRATIVE EXAMPLES
Although the development of the relationships which have been discussed appears rather complex, they are comparatively simple in application. For certain types of problems, at least, the solutions are practically self-evident once the fundamental data are available, as will appear from an illustrative example. ß Let it be assumed that speech is being received in the presence of noise of the continuous spectrum type, and that the response of the communication system is such, that there is a constant difference in db at all frequencies between the average intensity of the speech per cycle and the average intensity of the noise per cycle, both in the ear. Let it be assumed that this difference is 0 db, i.e., that the noise and speech spectra are identical at all frequencies and that there is no 
